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Hahn-Meitner Institut, Glienickerstrasse 100, D-24109, Berlin, Germany (Received 16 March 1995) Spins that are coupled antiferromagnetically on the pyrochlore lattice are exposed to a high degree of geometrical frustration, resulting in the general absence of long-range order at all temperatures. We have investigated the inelastic response of the pyrochlore CsNiCrF6 using neutron scattering. At positions where strong magnetic diffuse scattering has been observed we find a strong elastic signal, together with an unusual wing of inelastic scattering that is present even below the spin-glass transition of CsNiCrF6. This indicates that while some of the magnetic fluctuations are being frozen out, others persist on a scale well in excess of the apparent spin-freezing temperature.
It is generally thought that instead of being a conventional long-range ordered structure, the ground state of the pyrochlore antiferromagnet is dynamically disordered at all temperatures down to 0 K, even though the exchange interactions may be very strong. This is because the magnetic ions sit at the corners of a network of corner-sharing tetrahedra (shown schematically in Fig. 1 ). The consequence is an extremely high degree of geometrical frustration because no possible spin configuration can satisfy all six antiferromagnetic interactions on a single tetrahedron. The pyrochlore lattice thus possesses much in common with the twodimensional kagome lattice and spin-2 triangular lattice antiferromagnets, which have been branded as possible "spin liquids. " In terms of their geometry, the pyrochlore and kagome lattices are the most strongly frustrated lattices possible. '
The problem of ordering on the pyrochlore lattice was considered nearly 40 years ago by Anderson, and a helium cryostat on E1.PRISMA was configured so that inelastic spectra were measured with eight analyzer-detector arms, each with an analyzing energy of 18 meV. This resulted in an energy resolution of 1.0 meV at the energy transfer A, co= 0. On E1, we used an analyzing energy of 14 meV, which resulted in an energy resolution of 1.25 rneV. Diffraction measurements were also performed simultaneously on PRISMA using eight additional detector arms that had no analyzer crystals. This allowed for a consistency check to compare with our earlier diffraction results, while integrating the fluctuations over a much greater energy range (between 20 and 80 meV depending on the wave-vector transfer). We found no significant differences with our earlier measurements, indicating that the majority of the fiuctuations are less than about 4 meV in extent.
Single-crystal neutron-diffraction work has shown that the magnetic diffuse scattering is strongest along the [1 1 0] zone of reciprocal space in CsNiCrF6, with maxima at the (1. 5 1.5 0) and (2.5 2.5 0) positions (where Q = 1.3 and 2.2 , respectively). With PRISMA, we performed inelastic scans through the diffuse maximum at (2.5 2.5 0) with sample temperatures of 8.3, 15, 20, 30, 50, 100 , and 150 K.
Even though the scattering is weaker here than at the (1.5 1.5 0) position, we found that we achieved a better signal-to-noise ratio. This is because the spectrometer configuration required for the (1. 5 1.5 0) position is less favor- able, and results in a high background. Hence, we concentrated on the (2.5 2.5 0) position in our PRISMA measurements, although a number of scans were performed at other positions in reciprocal space. These scans are not strictly constant-Q scans as one would perform on a tripleaxis spectrometer, but instead are parabolic cuts through (Q, cu) space. Thus, for the scans through the (2.5 2.5 0) position, the wave-vector transfer ranges from Q=(2.7 2.7 1) when the energy transfer is fi, co = -5 meV, to Q=(2.2 2.2 1.5) when 6ro = 10 meV, so that they cut through the maximum of the magnetic diffuse scattering at Q=(2.5 2.5 0) when tice=0. On E1, we performed straightforward constant-Q scans at (2.5 2.5 0) and a number of other positions, at sample temperatures of 1.6, 4, 9, and 69 K.
In Fig. 2 we show the results of the PRISMA scans through the (2.5 2.5 0) position for the lowest and highest sample temperatures measured on PRISMA, which are 8.3 and 150 K, respectively. Although data were collected over the range -12 to 50 meV in energy transfer, only the reduced range of -5 to 10 meV is shown in the figure, in order to emphasize the scattering around A, co=0. There is a strong nuclear incoherent component to the scattering, and as the sample is cooled the magnetic signal develops as a strong elastic component with a wing extending to higher energies. Similar results were found at other positions of maximum diffuse scattering such as (1.5 1.5 0) and (0.5 0.5 2), while at the minimum around (2 22) 3. The inelastic scattering at the (2.5 2.5 0) position, measured at a sample temperature of 1.6 K with the triple-axis spectrometer E1. The solid curve shows a fit to the full scattering cross section, while the broken line shows the magnetic contribution, and the dotted line shows the background. In the inset, we show the data on an expanded scale to emphasize the inelastic wing extending to high energies. The intensity scale is in counts per monitor (approximately 15 min).
incoherent scattering, which is characterized simply by a 8' function at A, cu=O. In Fig. 3 we show the scattering measured at the (2.5 2.5 0) position with a sample temperature of 1.6 K on E1. The wing of inelastic scattering is still present even at this low temperature.
We used the following scattering cross section in the data analysis:
where the first term represents the magnetic scattering, and the second represents the nuclear incoherent scattering. A and B are proportionality coefficients (B is slightly temperature dependent), k; and k& are the magnitudes of the wave vectors of the incident and scattered neutrons, respectively, f(Q) is the magnetic form factor, go is the single-ion susceptibility, and y(Q) is the static susceptibility. Since Q varies in a PRISMA scan, it is necessary to know the product I f(Q) I goy(Q), and this was obtained directly from the diffraction scans measured at every temperature, which covered the required Q trajectory. The inelastic response function F(Q, co) represents spin diffusion in an exchange-coupled paramagnet: '
Thus, the inelastic data were analyzed by least-squares fitting with two components: a Gaussian peak centered on zero energy to represent the nuclear incoherent scattering, and a Lorentzian peak, also centered on zero energy, to represent the magnetic scattering. The nuclear component represents the experimental resolution function, and its width was kept fixed at the resolution width. Its amplitude varies slightly with temperature due to the effect of the Debye-Wailer factor, however, and the relative dependence was determined from the behavior of the nuclear Bragg peaks. Fig. 2 , and in Fig. 3 . This is simply due to the effect of the resolution convolution on the detailed balance factor, which has a sharp step at fico=0 for low temperatures. The agreement is good for all of the data collected with sample temperatures of 8.3 K and above.
However, the quality of fit is significantly poorer for the 1.6 and 4 K data, as is apparent in the inset to Fig. 3 . Below the spin-freezing temperature, the simple model of spin diffusion (which represents a single relaxational process) is no longer appropriate to describe the spin dynamics. A better model would include a higher density of excitations in the 2 -10 meV range than does a Lorentzian. Very similar inelastic scattering has been observed in the analogous kagome lattice system SrCr8Ga40I9.
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The general behavior of the magnetic scattering is such that it becomes sharper as the temperature is lowered, signaling a general slowing down of the spin dynamics, and in Fig.  4 , we show the behavior of the half-width at half maximum (HWHM) of the magnetic component with temperature for both the PRISMA and the E1 data. The half-width clearly decreases rapidly as the temperature is lowered below about 50 K. A similar result was found for the pyrochlore TbzMoz07, and the width of the magnetic scattering was observed to decrease below the resolution limit at the 25 K spin-glass anomaly. ' However, no wing of inelastic scattering was observed in Tb2Mo207 extending beyond the energy equivalent of the spin-freezing temperature, as is observed in CsNiCrF6. We note in passing that the Q dependence of the width of the magnetic scattering in CsNiCrF6 is consistent with the diffusion law I'~Q .
What is remarkable about CsNiCrF6 is that even in the scans measured at 1.6 K (which converts to an energy of kiiT=0. 14 meV), there is still significant inelastic intensity extending out to at least 7 meV; this energy is more than an order of magnitude greater than k&T. The sample temperature of 1.6 K is well below the apparent spin-glass temperature of 2. is not directly observable in the usual way, through the appearance of magnetic Bragg peaks, for instance. This is because the order is not strictly static, but has a significant dynamic component. In ac-susceptibility or magnetization experiments (which are sensitive to fluctuations on a much slower time scale than neutron scattering) it is manifest as a cusp, similar to a conventional spin-glass anomaly.
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